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Final state interactions in electron scattering at high missing energies and 
momenta 
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Calculations of two-step rescattering and pion emission for the 12 C(e, e'p) reaction at very large missing energies 
and momenta are compared with recent data from TJNAF. For parallel kinematics, final state interactions are 
strongly reduced by kinematical constraints. A good agreement between calculation and experiment is found for 
this kinematics when one admits the presence of high momentum components in the nuclear wave function. 
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In recent years, electron scattering experiments 
have been possible with kinematics that involve 
large energies and momentum transfered, as for 
example in studies of nuclear transparency. In 
this regime, the final state interactions (FSI) for 
the knock out of a nucleon are usually treated 
employing Glauber inspired calculations |1I2I3I4| . 
Such techniques, together with the experience 
gained in related nuclear structure studies, pro- 
vide a useful starting point to pursue accurate 
predictions of neutrino-nucleus interactions at 
high energy. This was pointed out by various con- 
tributions to this conference. 

At scattering energies of the order of GeV, the 
leptoninc probe can resolve the high-momentum 
tail of the spectral function generated by short- 
range (central and tensor) correlations (SRC). 
This represent about 10-20% of the total spec- 
tral strength joKij and is found along a ridge in 
the momentum-energy plane (k-E) which spans 
a region of several hundred MeV/c (MeV) |7I9I8| . 
This corresponds to large missing momenta (p m ) 
and energies (E m ) in knock out cross sections. 
This contribution to the spectral function is also 
responsible for most of the binding energy of nu- 
clear systems ^Jj]. The main characteristics pre- 



dicted by these calculations are confirmed by re- 
cent experimental data |11I12I13| . which will be 
considered further below. 

Locating this strength experimentally, at both 
large E m and p m , is difficult because it is spread 
over an energy range of several hundred MeV, 
so the total density of the spectral function is 
very low. In this energy regime multi-nucleon 
processes, beyond the direct knock out, are pos- 
sible [2] and can induce large shifts in the miss- 
ing energies and momenta, moving strength to 
regions where the direct signal is much smaller 
and therefore submerging it. As it will be dis- 
cussed below, the effects of FSI become larger 
and less controllable when the transverse struc- 
ture functions that enter the expression of the 
(e, e'p) cross section dominate the longitudinal 
one. This trend is predicted by several theoreti- 
cal studies |14ll5ll6ll7fTg| . The issue of how to 
control FSI in lepton scattering experiments has 
been discussed in detail in Ref. [19120] for the par- 
ticular case of kinematics sensitive to the SRC 
tail of the nuclear spectral function. A Monte 
Carlo simulation and kinematical arguments led 
to the suggestion that the best chance for an iden- 
tification of SRC occurs in parallel kinematics 3 . 
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3 In this work we refer to 'parallel' and 'perpendicular' 
kinematics in terms of the angle between the momentum 
transfered by the leptonic current q and the momentum of 



The latter also tend to be less sensitive to meson 
exchange currents (MEC) - which involve trans- 
verse excitations - and are cleaner due to the high 
momentum that is required for the detected pro- 
ton. New data were subsequently taken by the 
E97-006 collaboration at Jefferson Lab |21I11I12| 
for a set of nuclei ranging from carbon to gold. 
Both optimal (parallel) and perpendicular kine- 
matics were used, to provide useful data for in- 
vestigating the reaction mechanism. 

At the energy regime of the JLab experiment, 
the main contribution to FSI, below the meson 
production threshold, is identified with two-step 
rescattering. This has been studied recently in 
Refs. |22I23| using a semiclassical model, which 
has the advantage of describing the distortion due 
to FSI in terms of the full one-hole spectral func- 
tion. This accounts for both the momentum and 
the energy distribution of the original correlated 
strength, which is of importance for the proper 
description of the response |2H ■ In this letter we 
extend the analysis of Ref. [231 by including the 
contributions of 7r-emission and compare with the 
data of Ref. 0]. 

In the ideal case where only the direct knock 
out process was relevant, the (e, e'p) cross section 
for emitting a proton from a nucleus with spectral 
function S% (k, E) would be correctly described by 
plane wave impulse approximation (PWIA), 
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where (E ,k ), (Ef,pf) and (w,q) represent the 
four-momenta of the detected electron, the final 
proton and the virtual photon, respectively. <j c ^ n 
is the electron-nucleon cross section. The present 
calculations employed the a cc prescription dis- 
cussed in Ref. |21| . which is obtained by using 
the on-shell current also for off-shell protons 4 . In 



the initial nucleon p^ = — p m (as opposed to the detected 
proton p/). This definition is more restrictive in the limit 
of high momentum transfer, where q and pj tend to be 
collinear anyhow. 

4 Preferably one uses a prescription to extrapolate the on- 
shell cross section to the off-shell case while preserving 
energy and current conservation. The analysis of several 
possible prescriptions carried out in Ref. 1211 found that 



Eq. Q, the transparency factor T accounts for 
the loss of flux from the direct channel due to the 
FSI 4 . However, one still has to correct for the 
reappearance of strength through other reaction 
channels. 

In Ref. |^3j, we considered the two-step mech- 
anism where the knock out reaction (e, e'a) for 
a nucleon a is followed by a scattering process 
from another nucleon in the medium, N'(a,p)N" . 
Eventually, leading to the emission of the de- 
tected proton and an undetected nucleon N" . 
Three channels are possible, in which a repre- 
sents either a proton (with N' — p or n) or a 
neutron (with TV' = p). The semi-exclusive cross 
section for these events was calculated semiclas- 
sically as [2"2~] 
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Eq. (J2J) assumes that the intermediate particle a 
is generated in (PWIA) by the electromagnetic 
current at a point ri inside the nucleus. Here, 
Sa(k,E)/M is the spectral function of the hit 
particle a normalized to one [i.e., M — N(Z) 
if a is a neutron (proton)]. The pair distribu- 
tion functions g a N'(\^i — r 2|) account for the joint 
probability of finding a nucleon N' at r 2 after the 
particle a has been struck at r^ [2SI - The kinetic 
energy T a of the intermediate nucleon a ranges 
from to the energy u> transfered by the electron. 
The point nucleon densities pn(j) were derived 
from experimental charge distributions by unfold- 
ing the proton size [2Zj. The factor Pt{p', ri,i"2) 
gives the transmission probability that the struck 
particle a propagates, without any interactions, 



the best agreement between the data of different kinemat- 
ics is obtained by avoiding any of the ad hoc modifica- 
tions of the kinematics at the electromagnetic vertex as 
suggested in Ref. 1251 . 



to a second point r 2 . There, it rescatters from 
the nucleon N' with cross section d 3 a a N'. 

The second contribution to the (e, e'p) cross 
section considered here is the production of an 
undetected pion. By following a PWIA approach 
this can be written as 
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where, (aj T ,k T ) represent the four-momenta 
of the emitted pion, W is the invariant 
mass of the emitted pion- nucleus pair, T„ = 
(akyk ) / [2irkiQ 2 (1 — e)] is the flux of virtual pho- 
ton field [28j and the momentum and energy of 
the bound nucleon are ph = q — p/ — kjr and 
Et, = uj — Tf — J 1 ?,- — T rec . The response func- 
tions R® y refer to the production of a n° (tt~) 
when the struck nucleon a is a proton (neutron). 
In the spirit of the PWIA approach, we em- 
ployed response functions for pion production on 
a free nucleon, evaluated using the MAID pro- 
gram |29I30| . These depend on W and the angle 
<f> between the pion and the photon in the c.o.m. 
frame. 

Recently, the experimental strength measured 
for 12 C in parallel kinematics was compared 
to theory |11I12| . For missing energies up to 
200 MeV, the summed strength measured turned 
out to agree with theoretical predictions. More- 
over, the ridge-like shape of strength distribu- 
tion was observed except that the position of the 
peak was found at lower missing energies than 
predicted by theory. At the same time, Eq. J5J 
predicts little or negligible effects from FSI in the 
region of the comparison (see Ref. [221 an d discus- 
sion of Fig. n below). This gives confidence that, 
for the first time, effects of the high momentum 
components attributed to SRC could be observed 
without being overwhelmed by the distortion of 
FSI. However, a quantitative understanding of 
the reaction mechanism is still needed. 

In order to make a meaningful comparison be- 
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Figure 1. (Color online) Theoretical results for 
the reduced cross section of 12 C obtained in par- 
allel kinematics compared with the experimen- 
tal results of Ref. 21 . The full line shows the 
model spectral function, Eq. J2J, employed in the 
calculations. The dashed lines include the addi- 
tional effects of rescattering, Eq. (0), while the 
combined prediction of Eq. (^OJ is given by the 
dot-dashed lines. 



tween the experiment and the theoretical pre- 
dictions for FSI, one needs a proper ansatz for 
the undistorted spectral function, S h (k 1 E) in 
Eqs. (0) and (@. At low energies and momenta 
we employed the correlated part of the spectral 
function S'l DA (k,E) in Ref. [H] which was ob- 
tained using local density approximation (LDA), 
and combined it with a properly scaled spectral 



function S h ws(k, E) derived from an adequate 
Wood-Saxon potential. This includes the bulk of 
the spectral strength, located in the mean field 
(MF) region up to a momentum of «250 MeV/c. 
The remaining strength is located along the SRC 
ridge. This represents only a fraction of the total 
number of nucleons in the system but it is the the 
part probed by the kinematics under considera- 
tion. Thus, the most important for the present 
analysis. As stated above, theoretical calcula- 
tions can reproduce the qualitative shape of this 
distribution and the total summed strength but 
miss the position peak [12| . As we are mainly 
interested in the reaction mechanism, it is prefer- 
able to parameterize the SRC part of the input 
spectral function in terms of a Lorentzian energy 
distribution, which was fitted to the experimental 
results for 12 C in parallel kinematics 23 . The full 
spectral function employed in Eqs. (^2J is [2*H] 



S h (k,E) 



^LorentzianV^i E) 
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for k >230 MeV/c 
and E >19 MeV, 

otherwise. 



In the following, we compare the predictions of 
the above model to the experimental data in re- 
gions far from the correlated peak and in different 
kinematics. 

Figure ^ compares the results obtained in 
parallel kinematics to the experimental re- 
duced cross section defined as <J r ed{Pm,E m ) = 
& experiment / (\PfEf\<r^T) . When only the PWIA 
contribution, Eq. (JIJ, is included (full line) one 
compares the experiment to the assumed input 
spectral function S h (k,E), showing the quality 
of the fit around the correlated peak. It is also 
seen that the contribution from rescattering pro- 
cesses (dashed line) is negligible in this region and 
increases only at very large missing energies |22| . 
Thus, validating the choice of taking the input 
spectral function in this region form the experi- 
ment. It is important to observe that the main 
reason for the small effects of rescattering ob- 
tained in this calculation is kinematical in origin. 
Due to rescattering events, the emitted nucleon 
loses part of its initial energy by knocking out a 
second particle. The requirement of small angles 
between the momenta q and p^ implies larger en- 
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Figure 2. (Color online) Theoretical results for 
the reduced cross section of 12 C obtained in per- 
pendicular kinematics compared with the exper- 
imental results of Ref. [5T]. The full line shows 
the model spectral function, Eq. J2J, employed in 
the calculations. The dashed lines include the ad- 
ditional effects of rescattering, Eq. (J2J , while the 
combined prediction of Eq. Q{3J) is given by the 
dot-dashed lines. 



ergies T a (i.e. smaller E m ) and larger missing mo- 
menta for the intermediate nucleon, with respect 
to the detected proton. This forces sampling the 
rescattered strength in regions where the corre- 
lated spectral function is smaller than for the 
direct process. For analogous reasons, multiple 
rescattering effects become even less important, 
as seen in Ref. |15| for perfectly parallel kinemat- 
ics. Sensible deviation from the Lorentzian shape 
of the peak are observed once the pion emission 
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Figure 3. (Color online) Rescattering contribu- 
tion to the reduced cross section for 12 C in per- 
pendicular kinematics (dashed line). The dot- 
ted lines show the analogous results obtained by 
neglecting the rescattering from the MF region, 
S\ DA+ws (k,E), in Eq. |@}. The full line shows 
the model spectral function, Eq. 10} , employed 
in the calculations and the experimental data are 
from Ref. EU 



threshold is reached. Then, a distorted image of 
the correlated region is produced at larger miss- 
ing energies (due to the extra energy necessary to 
create the pion) . The nice agreement between the 
total theoretical cross section and the experiment 
confirms that in parallel kinematics the contribu- 
tion of FSI becomes relevant only at large missing 
energies and it is dominated by (e,e'pir) events. 
As the missing momentum increases, the regions 
dominated by correlated nucleons and pion pro- 
duction tend to overlap. We note that as long as 
multiple rescattering effects can be neglected no 
sensible quantum interference effect is expected, 
since Eqs. (^3) lead to different particles in their 
final states. 

The experimental data are found to be sensibly 
larger in perpendicular kinematics than in paral- 



lel ones |22- These are compared with the re- 
sults of Eqs. i12l:'>l) in Fig. In this case, the 
rescattered strength is large and affects the re- 
duced spectral function already at the top of the 
SRC tail. Due to the much larger redistribution 
of spectral strength the valley between the SRC 
and meson production regions is also filled in and 
it is no longer possible to distinguish them. The 
combined predictions of single rescattering and 
pion emission are able to reproduce the shape of 
the measured cross section but results in sensibly 
lower cross sections. Fig. shows that Eq. (J2J 
can account for the differences between parallel 
and perpendicular kinematics for E m ss 50 MeV 
and p m < 350MeV/c. However, the experiment is 
strongly under predicted over most of the corre- 
lated region. For p m =570 MeV/c, the cross sec- 
tion is predicted to be 50% larger than the direct 
process, whereas the experiment is almost of one 
order of magnitude above. We conclude that two- 
step rescattering represents only a fraction of the 
total FSI present in perpendicular kinematics. A 
possible contribution that could bring theory and 
data closer together is that of MEC that involve 
the excitation of a A or higher resonances. These 
are known to be sensitive to transverse degrees of 
freedom. 

We observe that the larger contribution of 
Eq. (0 with respect to parallel kinematics can 
also be understood kinematically. In this case a 
nuclcon can lose energy in a rescattering event 
but still be detected with a missing momentum 
larger than its initial momentum. This results 
in moving strength from regions where the spec- 
tral function is large to regions where it is small, 
thereby submerging the direct signal. The shift is 
large enough that measurements in the correlated 
region can be affected by events originating from 
MF orbits 22j . The size of this effect for two-step 
rescattering is however limited to the part of the 
correlated region at low missing momenta. This 
is shown in Fig. |31 where the dotted lines have 
been obtained by setting S'l DA+ws (k, E) = in 
Eq. (@J . Single rescattering from the MF strength 
gives no appreciable contribution at missing mo- 
menta above 500 MeV/c. For parallel kinematics 
a similar comparison shows no visible effects at 
even lower momenta, indicating that rescattering 



moves strength only within the correlated region 
itself. This supports the necessity of including 
the observed high momentum strength already in 
S h (k,E), that is, in the nuclear wave function. 

In conclusion, first predictions of two-step 
rescattering and pion emission in (e, e'p) reacrions 
at large p m -E m were discussed and compared to 
experimental data |21lllj . The results are un- 
derstood in terms of kinematical constraints and 
confirm the expectation that, for light nuclei and 
properly chosen parallel kinematics, the effects of 
FSI can be small for missing energies up to the 
7r production threshold. In perpendicular kine- 
matics the agreement between data and theory is 
less favorable. This suggest that additional in- 
gredients of transverse character, such as MEC, 
should be investigated in future calculations. 

Several illuminating discussions with D. Rohc, 
I. Sick and L. Lapikas are acknowledged. This 
work was supported by the Natural Sciences 
and Engineering Research Council of Canada 
(NSERC). 
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